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Summary
Cell movements represent a major driving force in embry-
onic development, tissue repair, and tumor metastasis [1].
The migration of single cells has been well studied, predom-
inantly in cell culture [2, 3]; however, in vivo, a greater variety
of modes of cell movement occur, including the movements
of cells in clusters, strands, sheets, and tubes, also known
as collective cell migrations [4, 5]. In spite of the relevance
of these types of movements in both normal and pathologi-
cal conditions, the molecular mechanisms that control
them remain predominantly unknown. Epithelial follicle cells
of the Drosophila ovary undergo several dynamic morpho-
logical changes, providing a genetically tractable model
[6]. We found that anterior follicle cells, including border
cells, mutant for the gene hindsight (hnt) accumulated
excess cell-cell adhesion molecules and failed to undergo
their normal collectivemovements. In addition, HNT affected
border cell cluster cohesion and motility via effects on the
JNK and STAT pathways, respectively. Interestingly, reduc-
tion of expression of the mammalian homolog of HNT,
RREB1, by siRNA inhibited collective cell migration in a
scratch-wound healing assay of MCF10A mammary epithe-
lial cells, suppressed surface activity, retarded cell spread-
ing after plating, and led to the formation of immobile, tightly
adherent cell colonies. We propose that HNT and RREB1 are
essential to reduce cell-cell adhesion when epithelial cells
within an interconnected group undergo dynamic changes
in cell shape.
Results and Discussion
hnt Controls Morphogenetic Changes
through the Regulation of Adhesion Molecules
A variety of epithelial cell rearrangements occur during the nor-
mal development ofDrosophila egg chambers, which are com-
posed of w650 follicular epithelial cells surrounding 15 nurse
cells and one oocyte (Figure 1A). Initially, all of the follicle cells
are cuboidal in shape and adhere to one another through adhe-
rens junctions that contain Drosophila E-Cadherin (DE-CAD),
N-Cadherin (DN-CAD), and b-Catenin (Armadillo, ARM) (Fig-
ures 1A and 1A0 and data not shown). These cell-cell contacts
are extensively remodeled as egg-chamber development
*Correspondence: dmontell@jhmi.eduprogresses (reviewed in [6]). Between 50 and 100 anterior
follicle cells, known as ‘‘stretched follicle cells,’’ transform
from cuboidal to squamous, expanding the apical and basal
domains while shrinking the lateral membrane (Figures 1A0–
1D0, insets), a process that is accompanied by a dramatic
downregulation of DE-CAD, DN-CAD, and ARM at the plasma
membrane (Figures 1A0–1D0 and data not shown). This leads
to a decrease in follicle cell density in the anterior half of the
egg chamber (Figures 1A0–1D0, insets). In contrast, stretched
follicle cells mutant for hnt retained abnormally high levels
of ARM at the membrane (Figures 1E and 1E0), and the cell den-
sity in mutant clones was 3.53 higher than equivalent wild-
type areas, indicating that the mutant cells failed to spread.
DN-CAD expression was also elevated in hnt mutant clones,
even for a single mutant cell at an early stage of development,
in which the overall cell size and shape were similar to neigh-
boring wild-type cells (Figures 1F–1F00 0). These observations
suggest that HNT regulates the cell-shape changes of the
stretched follicle cells via its effect on the accumulation of
cell-cell adhesion molecules. Consistent with this interpreta-
tion, previous work has shown that loss of arm alone is suffi-
cient to cause early-stage follicle cells that are normally cuboi-
dal to assume a flattened, squamous morphology [7].
At the same time that the stretched follicle cells flatten, the
vast majority of the follicle cells, the ‘‘main-body follicle cells,’’
change their morphology from cuboidal to columnar (Figures
1A0–1D0). When mutant for hnt, they also exhibited an accumu-
lation of ARM and DE-CAD (Figures 1G–1H0). We quantified the
levels of ARM and DE-CAD and found a 2-fold enrichment
in hnt mutant cells over wild-type neighbors (Figure S1A).
Because ARM and DE-CAD always colocalized in follicle cells
(Figures 1A–1D), we used them interchangeably through the
rest of this study.
Several other adhesion proteins (DN-CAD, FASIII, and FASII)
were also enriched in the plasma membrane of hnt mutant
cells (Figures 1I–1J0 and not shown). The effects appeared to
be specific for cell adhesion molecules, because the trans-
membrane receptor tyrosine kinases PVR and DER were not
enriched in the mutant cells (not shown) nor was the distribu-
tion of cortical F-actin altered (Figures 1K and 1K0). In spite of
the accumulation of adhesion proteins, we did not observe any
morphological defects in hnt mutant main-body follicle cells,
suggesting that the cuboidal to columnar cell-shape change
is compatible with increased lateral cell-cell adhesion. To-
gether, these results indicate that hnt is required to downregu-
late the levels of adhesion proteins in cells that change shape
by reducing, but not eliminating, lateral cell-cell adhesion. The
need to retain some cell-cell adhesion while moving is a defin-
ing feature of collective cell migration.
hnt Is Required for Collective Migration of the Border Cells
Another sort of collective movement that takes place during
Drosophila oogenesis is the migration of the border cells (Fig-
ures 1 and 2A). The border cells are a population of four to six
follicle cells that cluster around a pair of polar cells, delaminate
from the anterior follicular epithelium (Figure 1B), and migrate
in between the nurse cells (Figure 1C), thereby reaching the
oocyte by stage 10 (Figures 1D and 2A). Clusters composed
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and stayed at the anterior tip of the egg chamber (Figure 2B;
n > 17) and appeared more compact than wild-type clusters
(Figure 2B compared to 1B, inset).
Border cell migration requires complex regulation of cell-cell
adhesion because they must detach from the anterior follicle
cells while remaining adherent to each other and to the polar
cells. Meanwhile, they have to both attach to and detach
from the nurse cells repeatedly as they move. In wild-type
clusters, DE-CAD and ARM accumulate to highest levels at
the interface between the border cells and the polar cells,
which are located at the center of the cluster [8, 9] (Figures
2A and 2C). In contrast, in hnt mutant clusters DE-CAD and
ARM accumulated more uniformly (Figures 2B and 2E–2F
and not shown). We performed a detailed analysis of the levels
of ARM in wild-type and in mosaic clusters composed of
mixtures of mutant and wild-type cells (Figures 2C, 2C0, 2E,
and 2E0). A line scan across the center of a wild-type border
cell cluster confirmed the higher concentration of ARM at
the interface between the border cells and the polar cells
(Figure 2D). This type of analysis revealed that in hnt mutant
border cells, ARM was enriched to levels normally found in
the polar cells (Figure 2F).
Figure 1. hnt Regulates the Levels of Several
Adhesion Proteins and Is Required for Stretched
Follicle Cell Flattening
(A–D) Micrographs of wild-type egg chambers of
stage 8 (A and A0), early stage 9 (B and B0), mid
stage 9 (C and C0), and stage 10 (D and D0) stained
with ARM (green), DE-CAD (red), and DAPI (blue).
(A)–(D) show a focal plane near the center of the
egg chamber, whereas (A0)–(D0) show a superficial
focal plane. Border cells (BC, arrowheads) form
a cluster together with the nonmotile polar cells
(PC) and migrate in between the nurse cells (nc)
toward the oocyte (o). Anterior ‘‘stretched’’ folli-
cle cells (StFC) elongate along the anterior/
posterior axis, and the rest of the follicle cells,
so-called main-body cells (MBFC) stack up over
the oocyte. Insets in (A0)–(D0) show anterior folli-
cle cells (FC) labeled with membrane GFP (green)
and DAPI. The expansion of the apical mem-
brane, the flattening of the stretched follicle
cells, and the decrease in cell density can be
appreciated.
(E–K) Micrographs of egg chambers containing
homozygous hnt mutant clones are GFP nega-
tive. hnt mutant stretched follicle cells accumu-
late ARM (E and E0) and DN-CAD (F and F0) in
the plasma membrane and fail to flatten. hnt
mutant main-body follicle cells accumulate ARM
(G and G0), DE-CAD (H and H0), DN-CAD (I and
I0), and FASIII (J and J0) but not F-actin (K and
K0) in the plasma membrane. The scale bar repre-
sents 50 mm in (A) and (E) and 20 mm in (B)–(D0)
insets.
HNT is a Zinc-finger-containing tran-
scription factor that has previously
been shown to be required for several
morphological changes that occur dur-
ing embryogenesis [10–12]. We exam-
ined the HNT expression pattern in stage
9 and 10 egg chambers and found that
it was most highly expressed in the
stretched follicle cells and border cells
(Figure 2A). HNT was also expressed
but at a lower level in the main-body follicle cells and was
undetectable in the polar cells and stalk cells (follicle cells
that connect adjacent egg chambers). These expression levels
correlate with the extent of the morphological changes that the
different cell populations undertake.
HNT Overexpression Leads to Cluster Disassembly
and Inhibition of Migration
HNT also caused a striking gain-of-function phenotype when
overexpressed in the border cells. In control egg chambers,
90% of the border cell clusters completed migration by early
stage 10 (Figure 3A, Table 1, and Movie S1) and exhibited a
typical rosette morphology (Figure 3B). Border cell clusters
overexpressing hnt exhibited dramatic changes in motility,
morphology, and cluster cohesion (Figures 3C and 3D and
Movie S2). The border cells were markedly elongated and
splayed apart, although they remained attached to the polar
cells. We quantified the dissociation phenotype by measuring
the radius of the border cell cluster. In the wild-type, the cluster
radius averaged 13 mm, whereas clusters overexpressing hnt
had an average radius of 43 mm (Table 1). These disassembled
clusters failed to complete migration in 100% of stage 10 egg
chambers (Figure 3C and Table 1). We took advantage of the
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of cells in order to examine the levels of adhesion proteins
in border cells with elevated levels of hnt. We found that
ARM levels were 2-fold reduced in HNT overexpressing
(GFP-positive) cells compared to wild-type (GFP-negative)
cells in the same cluster (Figures S1B and S2A). The same
reduction was observed for DE-CAD (not shown) but not for
Singed (SN, Drosophila fascin), aPKC, or F-actin (Figures
S2B–S2D).
The cluster-disassembly phenotype caused by excess
levels of HNT was completely rescued by simultaneous over-
expression of arm or shotgun (DE-CAD), whereas we observed
only a partial rescue of the migration phenotype under the
same conditions (Table 1 and not shown). These observations
indicate that cohesion among the members of the migratory
group and motility are separable features of this type of collec-
tive cell migration, which are both affected by HNT.
The Effects of HNT on Border Cell Cluster Cohesion
and Motility Are Mediated by the JNK and STAT
Pathways, Respectively
To explore the mechanisms by which HNT affects cluster co-
hesion and motility, we investigated its effects on known sig-
naling pathways. In the extraembryonic tissue known as the
amnioserosa, hnt is a negative regulator of the JNK signaling
cascade [12]. Recently, the JNK pathway was shown to be ac-
tive in the border cells and to affect border cell migration in
clusters with reduced PVR activity [14]. In addition, inhibition
of the JNK cascade causes a phenotype that strikingly resem-
bles the cluster dissociation phenotype caused by HNT over-
expression ([15], this issue of Current Biology), suggesting
that HNT could be a negative regulator of the JNK pathway
Figure 2. hnt Is Required for Collective Migration
of the Border Cells
(A) Wild-type stage 10 egg chamber stained with
HNT, DE-CAD, and DAPI. HNT is highly
expressed in the border cells and the stretched
follicle cells. The border cell cluster has reached
the oocyte (arrow).
(B) hnt mutant border cells fail to initiate migra-
tion and stay at the anterior tip of the egg
chamber (arrow).
(C, C0, E, and E0) High magnification of border cell
clusters of stage 9 egg chambers (inset) stained
with ARM (C and E) and GFP (C0 and E0). Wild-
type border cells (BC) and polar cells (PC) are
GFP positive; hnt mutant border cells (BC*) are
GFP negative.
(D and F) Line scan across the center of the bor-
der cell clusters shown in (C) and (E) to show the
levels of ARM at the indicated cell-cell contacts.
or vice versa. By using phospho-Jun an-
tibody staining as a readout of the JNK
signaling cascade, we detected that
the activity of this pathway was reduced
in border cells overexpressing hnt (Fig-
ures 3E and 3F00). In clusters in which
JNK was reduced by overexpression of
either puckered (the JNK phosphatase)
or a dominant-negative form of basket
(Drosophila JNK), cluster disassembly
reminiscent of the hnt gain-of-function
phenotype was observed (Figure 3G
and Table 1, not shown, and [15]). In addition, HNT was upre-
gulated 1.7- and 1.4-fold, respectively (Figure 3G and 3H, inset
and not shown). Together, these results indicate that hnt and
JNK repress each other. In the embryo, in which HNT also an-
tagonizes JNK, this pathway is required for the turnover of fo-
cal complexes and proper dorsal closure [12]. Therefore, HNT
appears to play a general role in remodeling of adhesion com-
plexes to facilitate morphogenesis.
Although the cluster-disassembly phenotype of HNT could
be attributed to effects on JNK signaling, JNK pathway muta-
tions caused milder border cell motility defects than hnt (Table
1, not shown, and [15]). To determine whether HNT affected, in
addition, one of the known border-cell-motility pathways, we
examined the effect ofhnton the activity of STAT and its key tar-
get SLBO. STAT activation and nuclear translocation is themost
upstream event in the differentiation of the border cells and
is also required throughout border cell migration [16, 17]. We
found that, in border cells overexpressing HNT, nuclear accu-
mulation of STAT was reduced though not eliminated (Figures
S3B and S3C). In addition, the levels of slbo were dramatically
reduced in border cells overexpressing HNT (Figures S3D and
S3G0). Because loss of function of either STAT or SLBO causes
a dramatic migration defect, the effects of HNT overexpression
on STAT and SLBO can account for the severe effect on motility
[17, 18]. However, neither stat nor slbo mutant border cells ex-
hibit a cluster-disassembly phenotype. Therefore, we conclude
that HNT mediates its effect on cluster cohesion via JNK and its
effect on border cell motility primarily through STAT and SLBO.
Although HNT overexpression affects border cell motility via
effects on STAT and SLBO, HNT has general effects on cell
adhesion and morphogenesis, whereas SLBO appears to be
more specific. For example, the effects of hnt on stretched
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Activity Disrupt Border Cell Cluster Cohesive-
ness
(A–D) Micrographs of egg chambers of the indi-
cated genotypes in which border cells are labeled
with membrane-anchored GFP. (A) shows a wild-
type stage 10 egg chamber in which the border
cell cluster (arrowhead) has reached the oocyte.
(B) shows a high magnification of a wild-type bor-
der cell cluster. (C) and (D) show overexpression
of hnt with slbo-Gal4 driver and hntEP55 EP inser-
tion. Border cells (arrowhead) fail to migrate and
lose cohesiveness among each other. The scale
bar in (A) represents 50 mm and applies to (A)
and (C). The scale bar in (B) represents 20 mm
and applies to (B) and (D).
(E and F) Egg chambers stained with phospho-
Jun (p-jun) and apontic (APT) antibodies and
DAPI. (E) shows a control egg chamber showing
expression pattern of p-jun in all the cells, includ-
ing the migrating border cells (brackets). In (F), an
egg chamber in which hnt was overexpressed in
the border cells shows decreased p-jun staining.
APT is a nuclear protein expressed in all the
follicle cells including the border cells [21]. Un-
changed nuclear localization of APT in the border
cells was used as an internal control.
(E0 and F0) Close up of the border cell cluster
showing all the cell nuclei stained with DAPI.
(E00 and F00) Close up of the border cell cluster
showing p-jun channel.
(G and H) Egg chambers of the indicated geno-
types stained with SLBO and GFP antibodies.
Puc2A overexpressing border cells fail to com-
plete migration and the cluster disassembles.
The insets in (G) and (H) show the expression
levels of HNT in egg chambers of the same geno-
types as the main panels. The ratio of HNT to
DAPI staining intensity is indicated.follicle cells and in embryonic tissues are independent of SLBO
because this protein is neither expressed nor required in these
other cell types. Therefore, we propose that HNT plays a gen-
eral role in regulating cell adhesion and morphogenesis via
JNK signaling and a tissue-specific role in motility through
STAT and SLBO. In this way, HNT can cooperate with tissue-
specific factors to orchestrate a diverse array of collective
cell movements.
The Human Homolog of HNT, RREB1, Is Required
for Spreading and Migration of MCF-10A Breast
Epithelial Cells
The human homolog of HNT is the Ras responsive element
binding protein 1 (RREB1) (Figure 4A) [10] [19]. Because HNT
controls epithelial morphogenesis in several different tissues
and stages of Drosophila development, we investigated
whether RREB1 might function similarly in mammalian cells.
Specifically, we investigated its role in the regulation of cell mi-
gration in the mammary epithelial cell line MCF-10A, by using
the classic scratch-wound-healing assay as a means of mea-
suring collective migration in a monolayer [20]. In this assay,
MCF-10A cells migrate as an epithelial sheet, retaining cell-
cell adhesions during migration. We first knocked down ex-
pression of RREB1 by using a SMARTpool siRNA reagent,
which contained four siRNAs complementary to differentsegments of the RREB1 mRNA. Cells transfected with the
RREB1 SMARTpool showed a severe impairment of wound
closure compared to the mock-transfected control cells
(Figure 4B). We then tested the effect of each of the four indi-
vidual siRNA constituents. Under the same assay conditions,
we found that three of the four individual siRNAs invoked a sim-
ilar phenotypic response. Such strong phenotypic concor-
dance provides high confidence for a role for RREB1 in regu-
lating cell migration in MCF10A cells. In a high throughput
screen of more than 1000 SMARTpools, such a severe pheno-
type was observed with high confidence for only 2.6% (K.J.S.
and J.S.B., unpublished data). In addition to inhibiting wound
closure, we noticed that the RREB1 knockdown cells failed
Table 1. Migration Index and Border-Cell-Cluster Radius
Genotype Migration Index (6SE)
BC Cluster
Radius (mm 6 SE)
UAS-GFP (23) 89 6 2 13 6 1
hntEP55; UAS-GFP 33 6 3* 43 6 3*
hntEP55; UAS-arm 57 6 3* 15 6 1
AS-Puc2A; UAS-GFP 63 6 2* 26 6 3**
The migration index (complete migration = 100; no migration = 0), and the
border-cell-cluster radius are reported for each of the indicated genotypes.
Thestandard error (SE) is indicated. Driver: slbo-Gal4; *p < 0.0001; **p= 0.001.
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tion in Mammary Epithelial Cells
(A) Domain structure of RREB-1 and HNT with the
C2H2 Zn finger domains indicated.
(B) Knockdown of RREB1 in MCF-10A cells re-
sulted in significantly impaired migration for the
SMARTpool relative to the mock-transfection
control. Three of the four SMARTpool constituent
siRNAs (numbered 1–4) induced a consistent
reduction in cell migration, thereby validating
the SMARTpool phenotype.
(C) Knockdown of RREB1 for 48 hr and subse-
quent replating shows a marked reduction in
cell spreading after plating at a similar density
to the control. Images are shown for different
time points with different magnification (103
and 203 objectives).
Supplemental Data
Experimental Procedures, four figures, and four
movies are available at http://www.current-
biology.com/cgi/content/full/18/7/532/DC1/.
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